Polyester thin film composite nanofiltration membranes were synthesized on the polyethersulfone (PES) support via the interfacial polymerization between triethanolamine (TEOA) and trimesoyl chloride (TMC). Here we report the effect of curing time in the interfacial polymerization process on membrane properties like pore size and effective thickness/porosity. The membrane properties were determined based on the uncharged solute permeation test and the hypothetical mechanistic structure (pore size, effective thickness/porosity) was determined using Donnan steric pore flow model (DSPM). This study also provides information on the effect of curing time on water permeability. From the 2 minute point to 10 minute point, the membranes pore sizes were reduced and negligible changes to effective thickness/porosity suggest the occurrence of additional cross-linking reaction between aqueous and organic monomers.
INTRODUCTION
Xylose is mainly found in the hemi-cellulosic fraction of hardwoods and herbaceous materials. Consequently, hydrolysis is employed to break the long chain of hemicellulose into xylose [1] . Nonetheless, hydrolysis of hemi-cellulosic biomass also produces glucose, another monosaccharide with considerable fraction in hydrolysates, in addition to the xylose [2, 3] . Hence, separation of these monosaccharides is needed to obtain the pure fraction of a specific monosaccharide.
Most of the monosaccharide purification in sugar industry is performed by chromatography due to fairly similar physicochemical properties between monosaccharides.
However, chromatography process requires a large amount of time, resources (usually water use for eluent), and energy [4] . Alternatively, commercial NF membrane has demonstrated the ability to separate xylose and glucose from a xylose-glucose mixture [5] , which later applied in different hemicellulose hydrolysate [6] . These finding brought the separation of xylose from glucose toward a new direction, with the possible use of membrane in separating xylose from glucose. Separation of xylose from glucose in these past studies have very good performance with xylose separation factor between 1.5 -3.0.
In our previous study, we attempted to produce self-made TFC membrane via interfacial polymerization for separating xylose from glucose, using TEOA and TMC as monomer on polyethersulfone (PES) ultrafitration membrane. The self-made TFC membrane proved to be able to separate xylose from glucose with the highest xylose separation factor achieved at 1.64 comparable with commercial membrane. [7] . From our previous study, curing was found to have a large influence on the membrane performance. Curing in IP relies on the temperature and duration of the film are exposed to. Curing TFC membrane near the organic solvent's boiling point is highly favourable due to the high flux and rejection [8, 9] , However, many studies reported the best curing time using hexane as an organic solvent varies from 55 seconds [9] , 3 minutes [10] , 10 minutes [8, 11] , to 15 minutes [12] . It should be also noted, most of these study employed different monomers in their interfacial polymerization.
Study on the effect of curing time in interfacial polymerization on membrane performances, namely pure water flux, permeation flux, and xylose separation factor have been performed and reported elsewhere [13] . This paper aims to add information on the effect of curing time in the interfacial polymerization process on membrane properties like pore size and effective thickness/porosity. This study also provides information on the effect of curing time toward water permeability.
METHODOLOGY

Material
The asymmetric commercial PES membrane was purchased from AMFOR Inc. (China) with the commercial name of UF PES50. The membrane has a nominal molecular cut-off of 50 kDa and water flux (at 25 °C) of 260 LMH. The chemicals used in this study were triethanolamine (R & M Marketing, Essex, UK), trimesoyl chloride (Alfa Aesar, UK), sodium hydroxide (Merck, Germany), n-hexane (Merck, Germany), xylose (Sigma Aldrich, USA), glucose (Sigma Aldrich, USA), and acetonenitrile (J.T. Baker, USA). All chemicals were analytical grade with high purity (> 99%) and acetonitrile with High Performance Liquid Chromatography (HPLC) grade.
Preparation of TFC Membrane
The polyester TFC membrane was developed using interfacial polymerization technique based on previous studies [14, 15] with slight modification . 1 × 10 -6 M sodium hydroxide aqueous solution was prepared as the base medium for aqueous phase monomer solution. The aqueous phase monomer solution was then prepared by dissolving 4 % (w/v) of TEOA with the base medium. The organic monomer phase solution was prepared by dissolving 0.25 % (w/v) of TMC in pure hexane. The commercial PES support membranes were cut into disc shape and pre-treated before initiating the interfacial polymerization process. The PES membranes were firstly soaked in ultrapure water for at least 12 hours, then treated with ultrasonification for 6 minutes in ultrasonic bath to remove glycerine preserving the pores. Interfacial polymerization process was started by soaking the commercial PES support membrane in the aqueous phase monomer solution for a period of 30 minutes. After that, the membrane was then drained and rolled with a glass rod to remove excess liquid on top of a flat glass surface. Then, the membrane was immersed in the organic phase solution for a period of 45 minutes. Finally, the TFC membranes were dried in an oven (UF 55, Memmert, USA) at 60 °C for 2, 5, 10, 15, and 20 minutes.
Nanofiltration Set-Up and Permeation Experiments
Nanofiltration experiments have been carried out using the stirred cell system schematized in Figure 1 . A Millipore stirred cell (Model 8200, Millipore-Amicon Corporation, USA) having a maximum volume uptake of 200 mL and an effective membrane area of 2.87 x 10 -3 m 2 was used in all experiments. Prepared TFC membrane and virgin PES membrane was fitted into the membrane holder at the bottom of the stirred cell. Other parts are then assembled together and place on top of a magnetic stirrer (Model MS-20D, Daihan Scientific Co. Ltd., South Korea).
Figure 1 Schematic diagram of nanofiltration system
180 mL of ultrapure water was poured into the stirred cell. Pure water flux experiment was performed at different pressure (2, 3, and 4 bar) by measuring the time taken for 20 mL of ultrapure water collected with constant stirring speed of 300 rpm using nanofiltration set-up mentioned. After that, a xyloseglucose mixture solution for sugar filtration was prepared by dissolving 5 g of xylose and 5 g of glucose in 1 L of deionized water. This mixture gives concentration of 5 g/L of xylose and 5 g/L of glucose. 180 mL of the xylose-glucose mixture solution was filled into the stirred cell. The nanofiltration was performed by collecting 20 mL of permeate at pressure 4 bar and stirring speed of 300 rpm at room temperature. The duration for the permeate to reach 20 mL were measured to calculate xylose-glucose mixture flux, Jv. After the nanofiltration, the composite membrane was flushed by deionized water at a stirring speed of 350 rpm for 30 minutes, without applying any pressure. Fluxes in this work was calculated using the following equation:
where Ji denoted as Jw and Jv for pure water and xylose-glucose mixture solution fluxes, respectively, ∆V is the total volume of the permeate collected (0.02 L), ∆t is the duration taken to collect 20 mL of permeate in hour, and A is the effective area of the membrane (2.87 x 10 -3 m 2 ). A pure water fluxes against applied pressure graph was plotted to find the pure water permeability, Pm. The gradient for fitted linear lines with 0 as intercept was the Pm for the respective membranes. The observed solute rejection, Robs rates of the TFC membranes were calculated using the following equations:
where Cp is the concentration of respective solute in permeate (g/100 g of solution), Cb is the concentration of respective solute in bulk (g/100 g of solution), Cf is the concentration of respective solute in feed (g/100 g of solution), and Cr is the concentration of respective solute in retentate (g/100 g of solution).
Quantification of Sugar using High Performance Liquid Chromatography (HPLC)
Quantification of samples was done using HPLC (1200 Series, Agilent Technologies, USA) equipped with refractive index detector. The liquid chromatography column used in this study was Agilent's Zorbax Carbohydrate 5 μm (4.6 × 250 mm) with an operating flow rate of 1 mL/min and injection volume of 20 μL. The mobile phase used during analysis was prepared by diluting three parts for acetonitrile with one part of ultrapure water. Prior to HPLC analysis, the mobile phase was filtered using nylon membrane with pore size of 0.22 μm and degassed using ultrasonic bath at room temperature for 1 hour. All HPLC samples were filtered using a 3 mL syringe with a 0.2 µm filter attached.
Determination of Pore Size and Effective Thickness/Porosity
Previous studies have shown the effective pore radius (rp), and the ratio of effective membrane thickness over porosity for TFC nanofiltration membranes are best characterized using approximate characterization method [16, 17] . The flux and rejection data was fitted using the Donnan-StericPore Model (DSPM) and Hagen-Poiseuille equation.
The DSPM model is based on the extended NernstPlanck equation expressed below. The model gives the flux of the solute i (ji) resulting from transport due to diffusion, electrical and convection forces. , , ,
where,
For uncharged solute, the transport is governed purely by diffusive and convective flows inside the membrane thereby reducing the above mentioned Nernst-Planck equation to ,,
Ki,d and Ki,c which are functions of the ratio of solute to pore radius (λ), account for the hindrance due to diffusion and convection, respectively. Ki,d and Ki,c can be related to the hydrodynamic coefficients K −1 (enhanced drag) and G (lag coefficient) according to the following equations; 
λ is the ratio of solute radius (rs) to pore size (rp)
where, λ has the limitation of 0 < λ < 0.95 [18] . ∅ is the steric terms relating the finite size of the solute and pore size according to the following equation, 
  (10) In terms of real rejection (Rreal), Equation (6) becomes
where Cp the concentration of solute in the permeate, and Cm the concentration of solute on the membrane. The Peclet Number (Pem) is defined as,
where Di,∞ is the bulk diffusivity of solute (m 2 s -1 ), Jv the volume flux (based on membrane area) (m s −1 ), and Δx/Ak the ratio of effective membrane thickness over porosity. 
where, Jw is the water flux (m 3 m -2 s -1 ), ∆P is the applied transmembrane pressure (kPa) and μ is the viscosity of the solution (kPa s). Concentration polarization equation was employed to find the concentration of solute on the membrane, Cm. For a stirred cell configuration [16] , the observed rejection (Robs) was related to the real rejection by volume flux, Jv and mass transfer coefficient, k in Equation (14) and Equation (15 
where, rr are the radius of effective membrane area (m), ν the velocity of solute (m s -1 ), and ω the stirring speed (rad/s). Table 1 list all the properties needed for calculation. The diffusivity data and Strokes radius were referred from published works [5] . 
RESULTS AND DISCUSSION
The effect of curing time on xylose rejection and glucose rejection is shown in Figure 2 . It is found that both xylose and glucose rejections were above 90 % from curing time 2 minute to 15 minute. At 20 minute curing time, both xylose and glucose rejection drastically decreased. This may have resulted from the changes to membrane pore size and membrane effective thickness/porosity. Figure 3 shows the effect of curing time on membrane pore size and membrane effective thickness/porosity. The membrane pore size and effective thickness/porosity reported in this work were the average of both value calculated from xylose and glucose rejection. Drying of a wet porous material is a very complex process involving thermal equilibrium between solid, moisture and air. Based on the qualitative drying behaviour of microfiltration membrane described by Reingruber et al. [19] , the first drying level started at the surface of top and bottom side, portrayed by membranes exposed to 2 to 10 minutes of curing in this work. Within this duration, the membrane surface at both top and bottom side were not completely dry due to the transport of both solvents (mostly hexane) from inner part to the surface of membrane through capillary force. This created an interface for additional reaction to occur, hence the decreases in pore size and small increase in thickness/porosity. The additional crosslinking were also promoted through dehydration of unreacted amine and carboxyl groups as explained by Ghosh et al. [8] . From 10 minute until 15 minute of curing time, the drying process enter the next level, where the capillary force within the pores gradually no longer able to transport solvents from inner part to the surface of membrane in some pores. At this level, hexane within the membrane can be presumed to be completely evaporated leaving water behind. Larger pores on the top side (thin-film side) will start to dry up, while smaller pore remain wetted by transport of solvent from inner part using capillary force. At the bottom side (support side), the pores dried up faster than the top side which is in the transition to the next drying level. The pore near the surface of the bottom side started to collapse and transport of solvent from inner part to surface at this side mostly occurred in gaseous state. This occurrence has been describe in the past [19] .
The collapse of pores greatly decreases porosity of the membrane as reported in the past [20] [21] [22] . Here, it should be noted there was increase in membrane effective thickness/porosity from 10 minute until 15 minute of curing time might be due to the decrease in membrane porosity. The TFC layer formed via interfacial polymerization normally less than 0.2 μm [23] . Although there is increase of pore size and decrease of membrane porosity (increase in effective thickness/porosity) from 10 minute to 15 minute of curing time, the value was not as great as the one from 15 minute to 20 minute of curing time.
The third or last level of drying process were portrayed in membranes cured from 15 minute onwards. The membrane surface was completely dried, while most of the pores in the membrane interior started to dry up sequentially. Then, the solvent within the membrane pores changes to gaseous state (vapour), which later transported to the surface and leave the membrane at both sides of membrane. The porous structure at bottom side of membrane collapsed sharply forming a denser bottom layer, which may have represented by the increase in effective thickness/porosity (decrease in membrane porosity) in Figure 3 from 15 minute to 20 minute point. Increases to membrane pore size from 15 minute point to 20 minute point were not expected. Polyester materials, especially unsaturated polyester are known to shrink up to 1 % when exposed to heat for a certain duration of time [24] [25] [26] . The increase of pore size as much as 0.1 nm may have resulted from shrinkage of polyester film layer, stretching the pore outwards making it larger. Figure 4 shows the Pm for membranes cured at 2, 5, 10, 15 and 20 minutes at 60 °C. Pm were reduced from 3.43 ± 0.28 L.m -2 .h -1 .bar -1 to 1.50 ± 0.03 L.m -2 .h -1 .bar -1 when the curing time were increased from 2 minutes to 20 minutes. This finding contradicted with study by Ghosh et al. [8] but in good agreement with other studies [9, 10] . Ghosh et al. [8] reported when TFC membrane were subjected to longer curing time, TFC membrane achieved higher permeability by complete evaporation of organic solvents. Here, membrane exposed to longer curing time did not have any improvement toward water permeability. A steady decrease in water permeability was observed in Figure 4 when prolonging the curing duration. The decreases in water permeability were highly influenced by the changes to membrane's effective thickness/porosity. This trend was also observed in past study [17] , where membranes with higher effective thickness/porosity have lower water permeability.
CONCLUSION
From this study, membrane cured under different curing time produces skin layer with different characteristics. It is found that a small decrease in membrane pore size when curing time was increased from 2 minute point to 10 minute point, and a small increment to pore size at 15 minute point. While, membrane effective thickness/porosity increases steadily from 2 minute point to 15 minute point. However, a huge increase in both pore size and effective thickness/porosity from 15 minute point to 20 minute point was observed. Membrane pore size and effective thickness/porosity were qualitatively related to the drying behavior of porous materials. At different level of drying, cured membranes exhibit different pore size and effective thickness/porosity that affects water permeability accordingly.
